Frequency-dom ain laser infrared phototherm al radiometry (PTR) and photoacoustic Fourier transform spectro scopy (FT-IR /PAS) were used for the measurem ent of the thermophysical properties (thermal diffusivity, a , and conductivity, k) of specialty paper samples with various cotton contents. An improved one-dimensional photothermal m odel of a free-standing sheet of paper in air that includes both the transm ission and backscattering m ode was introduced. A high degree of accuracy and reliability was obtained when a multiparameter-® t optim ization algorithm was used to examine the transm ission and backscattered PTR experim ental results. The ability to measure a and its variation, D a , as a result of the manufacturing process via the PTR technique is invaluable in terms of the quality control of paper products.
INTRODUCTIO N
Frequency-domain laser infrared photothermal radiometry (PTR) has been successfully established as a noncontact and nondestructive technique for monitoring the modulated thermal (blackbody) radiation emitted from an optically excited surface of a m aterial after photothermal excitation by a laser. 1, 2 The m ajor advantage of PTR over optical methods is its ability to yield reliable m easurements of the therm ophysical parameters of condensed phases, as well as of the visible and infrared optical absorption/extinction coef® cients of organic and optically scattering m aterials that otherwise may be dif® cult or impossible to characterize by conventional optical m eans. 3 As such, it is an excellent candidate for developing a novel nonintrusive characterization/inspection technique for paper and paper products. Furthermore, it has the advantage of relative instrum ental, experimental, and interpretational simplicity compared to other noncontact paper characterization techniques, such as laser ultrasonics. 4 The ® rst thermophysical characterization of comm ercial paper 5 and counterfeit currency bills 6 by laser PTR was recently reported. A one-dimensional photothermal model of a free-standing sheet of paper in air was presented. However, only the transm ission mode of the PTR signal was considered at that time. In this work, both the backscattering and the transm ission modes of the PT R signal are investigated experimentally and theoretically. Through a four-parameter ® t, the theory is ® tted to the data to calculate the thermal diffusivity and thermal con-ductivity, as well as visible and infrared absorption/extinction coef® cients of various specialty paper samples. The reliability of the results of the multiparameter ® t is evaluated in terms of sensitivity and uniqueness and further correlated with photoacoustic Fourier transform spectroscopic (FT-IR/PA) analysis of the paper samples.
THEORETICAL
The geometry of the theoretical m odel is shown in Fig.  1 . A free-standing sheet (s) of paper of thickness L, thermal diffusivity a s and thermal conductivity k s , visible optical absorption/extinction coef® cient b s , and infrared emission coef® cient b IR is irradiated with a laser beam of sinusoidally m odulated intensity I 0 and angular frequency v 5 2p f. The optical constants b s and b IR are generally unknown combinations of the optical absorption and scattering coef® cients at, respectively, the excitation wavelength and the infrared emission wavelength bandwidth collected by the detector optics. According to Kirchhoff 's law of detailed balance, the infrared emission constant b IR is equal to the absorption/extinction constant of the sample averaged over the infrared bandwidth of the detector. In the backscattered m ode, where the detector is on the same side as the laser-irradiated surface of the sample, the radiometric signal is 7
where K is an instrumental constant depending on geometrical factors, the emissivity averaged over the spectral bandwidth of the detector, and the Stefan±Boltzmann constant. In Eq. 1, D T s (x, v ) is the thermal wave ® eld at a depth x in the bulk of the sample.
The determination of D T s (x, v ) can be done by considering the thermal-wave system of equations
where 5 g (gas; air) or s (sam ple); is the complex j s j thermal wave num ber de® ned as ponential dependencies on the spatial coordinate. For the sample region, the solution takes the form the driving term given by The integration constants of Eq. 4 can be determined via the boundar y conditions of temperature, D T j , and heat ux, k j dD T j /dx, continuity at the interfaces 0 and L. Speci® cally, at the irradiated surface x 5 0, heat¯ux conser vation of the ac component of the heat transfer equation gives
After some algebraic m anipulation of Eqs. 4 ±6, the values of the integration constants C 1 and C 2 are obtained as shown in Eqs. 7 and 8.
In these equations, the following de® nitions were made:
gs s
Finally, upon performing the integration in Eq. 1, using Eqs. 4 ±9 one obtains the desired expression for the frequency-dependent infrared radiom etric backscattering signal, S B (v ), as shown in Eq. 10.
6
[ ]
For detection in the transm ission m ode, where the detector is on the other side of the laser-irradiated surface of the sample, the radiometric signal is
T IR E s 0
On following a procedure similar to the one described above, one can obtain the expression for the frequencydependent infrared radiometric transm ission signal as shown in Eq. 12
EXP ERIM ENTAL
A schematic diagram of the experimental setup used to perform the PTR m easurements of various paper samples is shown in Fig. 2 . An intensity-modulated Ar-ion laser (514 nm) from Coherent, Model Innova 100, was used with an expanded pump beam. The spot size was made much larger (8 mm ) than the maximum pro® ling depth (; 100 m m ) by means of an optical diffuser (a 5 mm thick polymeric substrate with rough surface walls) and aperture to maintain the one-dimensional signal character described by the photothermal-wave theoretical formulation. The intensity of the laser beam was modulated harm onically by using an external sine-wave pulse generator to drive the acousto-optic modulator and to change autom atically the modulation frequency applied to it. The working frequency scan was in the 5±1000 Hz range. Signals at frequencies lower than 5 Hz exhibited threedimensional behavior despite the expanded beam size, owing to the increased lateral (radial) heat diffusion. The laser beam was divided in two by a polarizing beamsplitter. One beam was directed to the backside of the sample for transmission m easurements, and the other beam was sent to the front of the sample for backscattered m easurem ents. Only one beam was in use at a time. The emitted IR radiation from the sample was collected and focused onto the detector by using two Ag-coated offaxis paraboloidal m irrors. The detector was a liquid-nitrogen-cooled HgCdTe (MCT) element with an active area of 1 mm 2 and a spectrally selective range of 2±12 m m. A Ge window with a transmission bandwidth of 2± 14 m m was m ounted in front of the detector to block any visible radiation from the pump laser. The PTR signal from the detector was preampli® ed (E G& G Judson Mod- el PA 350) and fed to a lock-in ampli® er (Stanford Research Systems Model SR850). Automatic frequency scans of the acousto-optically m odulated laser intensity were controlled by a personal com puter. The amplitudes and phases of the PTR signals were stored in the computer for theoretical analysis and calculations.
Photoacoustic (PA) FT-IR spectra of the paper samples were further recorded by using a standard Bruker IFS 88 spectrometer and an MTEC Model 200 gas m icrophone PA cell. Air was used as the carrier gas in the cell, and the spectrometer was not purged. The interferom eter mirror velocity was 0.095 cm/s, giving rise to modulation frequencies between 75 and 750 Hz for the m id-IR region ranging from 400 to 4000 cm 2 1 . The resolution of the FT-IR/PA spectra was 6 cm 2 1 . A PA spectrum of carbon black, obtained under similar conditions, was used to correct the spectra of the papers for the wavelength-dependent spectrometer response.
The PT R and FT-IR/PA results were carefully coordinated so that, for each sample, the same sheet of paper with labeled side orientation was used for both measurements. The FT-IR/PA measurem ents were obtained by averaging ten 50-scan ® les (total acquisition time: about 10 m in). Each piece of paper was turned over so that the opposite side faced the IR radiation, and a new spectrum was recorded. Owing to the fact that the thickness of the paper (100 ±135 m m) was much greater than the maximum thermal diffusion length of the FT-IR/PA scan, the data correspond to the side of the paper facing the impinging beam. Therefore, statements about the spectral hom ogeneity with depth of the various examined paper samples could be made and compared to PT R m easurement results.
RESULTS, M ULTIPARAM ETER FITS, AND DISCUSSIO N
Laser infrared PT R m easurements consisted of frequency scans of various specialty paper samples. Typical PT R responses from backscattering and transmission measurem ents are shown in Figs. 3 and 4 , respectively. This particular sample was paper type S1 m ade of 100% cotton. Figure 5 shows the FT-IR/PA spectra of both sides of the same sample. W hen the spectra were superposed and m atched at one wavenumber, as shown in that ® gure, a sm all degree of inhomogeneity was obser ved in the relative strength of the peak centered approximately at 1300 ±1400 cm 2 1 , corresponding to bending vibrations in CH 2 or CH 3 groups. 8 The theoretical curves superposed on the data of Figs. 3 and 4 were obtained following a computational trialand-error procedure for optimally ® tting simultaneously both the amplitude and the phase of Eq. 10 and Eq. 12 to the experimental data of Fig. 3 and Fig. 4 , respectively. In this case, and in other cases where data from the same sample were obtained in both transm ission and backscattered modes, each mode was treated independently of the other, in view of the expected depth dependence of param eters, as m anifested by the FT-IR/PA spectra. b s and b IR . The simultaneous variation of all four parameters toward a best ® t raised the issue of the uniqueness of the ® t. In order to address this issue, backscattering and transm ission measurem ents were considered for the same spot on the paper sample. The theor y was required to yield acceptable ® ts to both the amplitude and phase data of transmission or backscattering measurem ents. This procedure raised the level of con® dence of the uniqueness of the set of calculated parameters. It was found that the PTR phases are m uch richer in features than the respective amplitudes and a m uch better indicator of the sensitivity of the ® t to the values of each one of the four ® tting parameters. The shape of the phase extrema, backscattered maximum, and transm ission m inimum (Figs. 3 and 4 ) depends m ost sensitively on the value of the thermal diffusivity. These extrema are the result of standing thermal-wave interference pattern equivalents in the bulk of the paper sample, and they depend strongly on the thickness and therm al diffusivity. 9 The width of these extrema depends somewhat more weakly on the thermal conductivity of the paper, which enters the theoretical formalism, Eqs. 2, via the boundar y conditions, as opposed to the thermal diffusivity, which is responsible for bulk thermal-wave transport, Eq. 4. It was found that var ying these thermophysical parameters to m atch the transmission phase minimum or backscattered phase maximum could be done without having to consider changes in the optical properties. Therefore, the simultaneous ® t of amplitudes and phases was able to produce unique values for the two thermophysical parameters, with the diffusivity being the m ore sensitive and reliable value by far, on which the actual frequency position of the extremum solely depended. As the prim ary transport property, the thermal diffusivity values obtained and shown in Table I are considered the m ost reliable of all the parameter ® ts. The transmission-generated values represent the thickness-averaged ther m al diffusivity, whereas the backscattered-generated values are m ore readily associated with the near-surface region of the laser-irradiated side. The thermal diffusivity values shown are well within the ranges reported by other investigators using FT-IR photoacoustic spectroscopic detection, 10 visible-laser-radiation photoacoustic gas-cell evaluation, 11 or conventional thermal transport experiments. 12 On the other hand, the reported values of the optical properties (b s and b IR ) are not unique, and a certain degree of crosscompensation was observed, in that deterioration in the goodness of the ® t resulting from a decrease in one of FIG. 5 . Amplitude of FT-IR/PA spectra from sample S1 (both surfaces). these parameters could be restored by com pensating (increasing) the value of the other parameter by a similar amount. Independent measurements of at least one of these parameters are thus required to uniquely determine the optical/extinction coef® cients of the paper samples. The PTR values of these parameters were thus considered the least reliable m easurements in these experiments.
TABLE I. Measured values of thickness (in mm ), therm al diffusivity (a s ), therm al conductivity (k s ), visible absorption coef® cient (b s ) and mean infrared optical absorption coef® cient (b IR ), and instrumental constant (K) of different specialty grades of paper samples of known cotton content and basis weights. Acronyms K P, BFB, and GB refer to the manufacturer trademarks K rypton Parchm ent, Belfast Bond, and Genoa Bond, respectively. The m easurement mode refers to transmission (T) and backscattering (B). Values between parentheses correspond to standard deviation.

Sample
It can be seen from Figs. 3 and 4 that the phases of the particular theoretical ® ts performed on sample S1 do not exhibit very good agreement at high frequencies, consistent with the FT-IR/PA ® ndings of Fig. 5 , which strongly suggest a degree of directional inhomogeneity of this paper (the 1300 ±1700 cm 2 1 region). This result implies nonconstant depth pro® les of either the optical or the thermophysical properties or both. The high-frequency (. 100 Hz) regime corresponds to the ver y near-surface region, the param eters of which can be different from the (assumed uniform) depth-averaged best-® tted values, which were obtained by using the entire frequency range in the computational multiparam eter ® t. The val- ues for the therm ophysical and optical param eters obtained from transmission and backscattered measurements for S1 and several other paper samples with various cotton contents and basis weight num bers are shown in Table I . Even though the absolute values of the optical param eters were not found to be reliable, their order of magnitude was found to be unique and reliable, in that changes in the reported orders of m agnitude (; 10 4 m 2 1 ) made any good ® t impossible. Since there appears to be value in these orders of magnitude, which are also consistent with earlier m easurements, 5 we decided to report them in Table I . The values of the thermophysical parameters for air used in the calculations were obtained from the literature:
13 k g 5 2.38 3 10 2 2 W /mK and a g 5 0.2 3 10 2 4 m 2 /s. The thickness of each paper was measured and averaged over ® ve locations on a given sheet. Regarding paper S1, the sm all degree of inhom ogeneity of the FT-IR/PA spectra of both surfaces is accompanied by a relatively sm all difference in therm al diffusivity and conductivity values. On the other hand, for sample S3, the greater differential in the values of thermal diffusivity and conductivity obtained by transmission and backscattered data is consistent with larger differences between the FT-IR/PA spectra taken from both surfaces, Fig. 6 . In this ® gure it can be seen that the broader spectral range between 1200 and 3200 cm 2 1 has been affected, with the major variations occurring in the 1300 ±1400 cm 2 1 (CH 2 and CH 3 ) absorption band. Overall, it appears that the decrease in cotton content from 100 to 50% under the same manufacturing pressure conditions results in higher thermal diffusivity values. This observation m ay be the result of the decreased mass density r of the paper. It should be noted that the thermal diffusivity is related to prim ar y therm ophysical properties of a m aterial through the relation
where C is the speci® c heat of the material.
Quantitative estimates of the standard deviation of the a s m easurements for paper samples were made by perform ing several ($ 3) PTR scans over a large area (several cm 2 ) of an S4 sheet. The results of the multiparameter ® ts with regard to thermal diffusivity were averaged and the m eans and standard deviations were calculated for both transmission and backscattered data, as shown in Table I . It was thus veri® ed that the standard deviations (in parentheses) of the measurem ents were small (, 1± 3%), as expected, since the large spot size of the laser beam acted as a signal averager in the lateral (radial) dimension of the sample. A comparison between the samples S4 and S5, both of 25% cotton content but of different origins (GB White vs. C2000 Lumen) and different manufacturing pressures, can be made by considering the ratios of diffusivities from Eq. 13:
Assuming that the speci® c heats are the same for both S4 and S5 samples and that the densities are proportional to the nom inal m ass density number, data from Table I for S4 (sam ple``1' ' ) and S5 (sample``2' ' ) yield a direct ratio of diffusivities equal to 1.21 and a value for the right-hand side of Eq. 14 equal to 1.67. These values represent PT R transmission m easurements only and are quite reasonable in view of the foregoing assumptions. In view of the strong depth inhomogeneity exhibited by sample S4, calculations based on backscattered PTR data were considered unreliable for quantitative conclusions. Sam ple S6 was m easured from both sides by using PTR transmission and backscattering modes. The two transmission a s values were found to be within 2% of each other, as expected from thickness-averaged m easurements. In contrast to sample S4, however, this paper exhibited nearly symm etric near-surface behavior with close values (to within 5%) of the therm al diffusivities m easured from backscattered data. The high degree of twosided near-surface homogeneity of this sample is further corroborated by the ver y similar FT-IR/PA spectra of both sides shown in Fig. 7 . It should be recalled that FT-IR/PA spectroscopy yields near-surface spectra of each side of paper samples.
The much larger differences in a s between transmission and backscattered data of the sample S7 shown in Table I are accompanied by similar differences in the 1300 ±2500 cm 2 1 region of the FT-IR/PA spectra taken from both surfaces. Those spectral differences are similar to the ones observed in the case of sample S3 (Fig. 6 ) and are not shown here. It is interesting to com pare sample S7 to sample S1, which are very similar except for different manufacturing mass density values. The thickness-averaged transmission value of S7 is somewhat lower than that of S1, in agreem ent with the r 2 1 dependence of a s (Eq. 13). The difference D a 5 a T 2 a B is, however, much greater for S7 than for S1, corroborating evidence from the FT-IR/PA spectra of these two samples, according to which the extent of spectral differences between the two sides of S7 is much greater than that of S1 (Fig.  5) , rather resembling the situation with sample S3, which also exhibits large D a . Quantitative estimates of the origin of the diffusivity variations between samples S1 and S7 can be given by using Eq. 14 and Table I under the assumption of equal speci® c heats. This is a m uch better assumption between these two samples than between S4 and S5, in view of their similar m anufacturing conditions. The direct ratio of diffusivities of S1 over S7 in transmission is 1.05. The right-hand side of Eq. 14 gives a value of 1.056, in excellent agreement. Similarly, the relevant backscattered measurem ent values are 1.17 and 1.16. It can be concluded that the rem arkable similarities in a support the common manufacturing origin of S1 and S7, whereas the equally rem arkable differences in their D a are indicative of the extent of depth inhomogeneities during their manufacture.
Finally, a comparison between samples S5 and S8, which are identical in m anufacture except for the color of the paper, points to some other possibilities for depth inhomogeneity. The transm ission and backscattering values of diffusivity of both samples are quite close to each other, as expected, with D a ; 0.1 3 10 2 7 m 2 /s. The FT-IR/PA spectra of both samples exhibit differences in peak heights throughout the entire spectrum. Figure 8 represents sample S8. The absorption band centered in the 1050 cm 2 1 region is m ost likely associated with the C± O single-bond stretching vibration in cellulose. 8, 14, 15 The band centered in the 2900 cm 2 1 region represents C±H stretching. 8, 15 The broad band around 3300 cm 2 1 arises from hydrogen-bonded OH groups (O±H stretching), 8, 15 presumably in water. Differences in peak intensity are indicative of different concentrations of com pounds between the two surfaces of S8 (and similarly of S5), possibly due to local variation in concentration of com ponents or even different surface conditions, roughness, and atmospheric moisture absorption. To understand the possible origins of all the obser ved inhomogeneities, m ore combined PT R and FT-IR/PA studies of highly controlled paper samples will be required.
CONCLUSION
In this combined PT R and FT-IR/PA study, theoretical and experimental methodologies were established for the measurement of the thermophysical properties (thermal diffusivity and conductivity) to a higher degree of accuracy and reliability than is evident in earlier work, 5 owing to an improved m ultiparameter-® t optimization algorithm and the combination of transm ission and backscattered PTR data. The FT-IR/PA spectra from several samples corroborated the variations in values of therm al diffusivity, the prim ary and m ost reliable parameter, and indicated depth-dependent structural inhomogeneities in the specialty paper samples to a larger (sam ples S4, S7; D a ; 0.2 3 10 2 7 m 2 /s) or a smaller (sam ple S6; D a ; 0.07 3 10 2 7 m 2 /s) extent. For samples of similar manufacturing origin, such as S1 and S7, the m easured values of diffusivity were found to depend on both mass density and thermal conductivity. The calculations support the hypothesis that the speci® c heat varies little with manufacturing pressure; the density is proportional to the nominal manufacturing mass density value, and the variations in the values of thermal conductivity measured via the PTR technique are consistent with the de® nition in Eq. 13. Further studies of controlled paper samples via the FT-IR/PA spectroscopic technique may improve our understanding of the chemical origin(s) of the depth inhomogeneities. Irrespective of its interpretation, the ability to measure a and D a via the PT R technique is invaluable with respect to quality control of the paper manufacturing process.
